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We report on the growth and characterization of a new Diluted Magnetic Semiconductor (DMS)
heterostructure that presents a Two-Dimensional Electron Gas (2DEG) with a QuantumWell (QW)
carrier’s density in the range 0.5 ≤ n ≤ 1 × 1012cm−2 and a mobility 350 ≤ µ ≤ 600cm2/V s at
T ∼ 4.2K. As far as we know this is the highest mobility value reported in the literature for
GaMnAs systems. A novel technique was developed to make Ohmic contact to the buried 2DEG
without destroying the magnetic properties of our crystal.
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INTRODUCTION
The growth of high quality crystals (i.e. low impu-
rity content) is one of the major challenges in the re-
alization of GaMnAs-based ferromagnetic devices. One
of the major lines of research in the fabrication of fer-
romagnetic devices is directed at achieving a high Curie
Temperature TC in order to exploit the device character-
istics at room temperature ([1], [2]). The ferromagnetic
properties of GaMnAs depend on the carrier’s density
and Mn concentration [3]. Therefore, in order to reach
high critical temperatures TC , it is necessary to fabri-
cate devices with high carrier concentration and high
Mn content. This is achieved by using Low Tempera-
ture MBE (LT-MBE) growth techniques that are capa-
ble of incorporating a high concentration of Mn in the
GaMnAs layer while keeping the substrate temperature
at around 300◦C [4]. However, this technique has the
drawback of producing devices with poor mobility due
to the presence of many lattice defects in the low tem-
perature grown layers and magnetic impurities all act-
ing as scattering centers thus, heavily affecting the car-
rier’s mean free path. In contrast with this line of re-
search, our group has decided to pursue the fabrication
of devices with low carrier concentration and high mo-
bility with the ultimate objective of building the first
ferromagnetic quantum dot and thus, studying the basic
mechanism behind such ferromagnetic behavior. While
these devices will only work at cryogenic temperatures,
they could provide a proof of concept for the fabrication
of devices with higher TC . In this article, we present
a low carrier concentration (0.5 ≤ n ≤ 1 × 1012cm−2)
GaMnAs QW contained in a GaAs/Al0.3Ga0.7As het-
erostructure, specially designed to minimize the impu-
rity content and maximize the carrier’s mobility. We
also describe a novel technique, which we developed, to
make Ohmic contact to the buried 2DEG that preserves
the ferromagnetic properties of the new heterostructure.
Magneto-transport measurements show that the n-type
carrier’s mobility measured in the QW is in the range
350 ≤ µ ≤ 600cm2/V s, which is the highest value, as far
as we know, reported in the literature for GaMnAs sys-
tems. This heterostructure shows ferromagnetism when
it is cooled at a temperature below 1.7K and when the
quantum well sitting next to the Mn impurities is filled
with electrons that are otherwise sitting at a heterojunc-
tion far below.
CRYSTAL STRUCTURE AND OHMIC CONTACT
The MBE growth sequence from the bottom to the top
is: a semi-insulating (SI) GaAs (001) substrate (see ta-
ble 1 for the growth structure), a 200 nm GaAs Si-doped
layer, a 100 nm AlGaAs Si/Be-doped, a 10 nm SI-GaAs.
All of these layers were grown while keeping the sub-
strate temperature at 600◦C to minimize the presence of
impurities. The substrate temperature was, then, low-
ered to TS ∼250
◦C, a 2/3 monolayer (ML) of Mn was
grown, then a 10 nm AlGaAs buffer layer, then a 15 nm
AlGaAs Be-doped layer, and finally a 5 nm SI-GaAs cap-
ping layer. The presence of the 10 nm Be-doped AlGaAs
layer has two purposes: 1) it should reduce the presence
of interstitial Mn which acts as a double donor and tends
to couple anti-ferromagnetically with the substitutional
Mn [5], and 2) it limits the number of surface states that
can act as ionized traps and thus, significantly affect the
carrier’s density and mobility. If the 2/3 ML of Mn atoms
replace exactly 2/3 of a ML of Ga this would give us a
concentration per unit cell of roughly x ∼ 66.6%. From
literature and from private conversations with Dr. Fur-
dyna’s group we can assume that the Mn layer spreads
over 2 to 3 ML, thus, the nominal Mn concentration re-
sults to be x ∼ 33.3%. In this structure, a layer of 2D
2TABLE I: Heterostructure
GaAs (001) Substrate
GaAs:Si 100 nm
AlGaAs:Be 200 nm
SI-GaAs 10 nm
LT-Mn 2
3
ML
LT-AlGaAs 10 nm
LT-AlGaAs:Be 15 nm
LT-GaAs 5 nm
electron gas (2DEG) is always present at the interface of
the Si-doped 200nm GaAs and the 100 nm AlGaAs:Si/Be
layers, approximately 140 nm below the surface, while the
10 nm GaMnAs QW can be filled or emptied by gating.
The first major task is to make ohmic contact to the
buried 2DEG without destroying the ferromagnetic prop-
erties. While it has been reported that moderate temper-
atures (∼300◦C) (See [1] and [6]) for extended periods of
time, lead to an increased TC and do not destroy the fer-
romagnetic properties of these structures, these tempera-
tures are not sufficient to produce good Ohmic contacts.
Instead, it is necessary to go at much higher temper-
atures, T∼400◦C. However, at these temperatures, the
magnetism is destroyed. To preserve the ferromagnetic
properties and at the same time make good ohmic con-
tact to the buried 2DEG, we developed a novel technique
which employs a thermal gradient along the sample. This
method of annealing destroys the magnetic properties in
the area of the contacts but preserves them in the center
of the sample. To test our technique, ferromagnetic epi-
layers are very useful because they allow us to experiment
with different annealing conditions in order to character-
ize the effect of the temperature on the ferromagnetic
properties of the samples. Not only these properties can
be easily monitored using the Giant Planar Hall Effect
(GPHE) [7], but in turn we can use the GPHE to estab-
lish when the ferromagnetic properties are lost. Epilayers
show hole-mediated ferromagnetism, have a Curie Tem-
perature TC ∼30 K and since they are grown directly
on the surface of the wafer they require no annealing
to make Ohmic contact. An InZn alloy (∼ 95% In and
∼ 5% Zn) is used to make electrical contact. We de-
fined a Hall bar geometry with etching and monitored
the GPHE as a function of the annealing temperature
(see figure 1) [7]. Figure 1(a) displays the GPHE mea-
sured on such a device. We then annealed the sample
at different temperatures and measured the GPHE as
a function of the annealing temperature. By increasing
the annealing temperature, we observe an increase in the
size of the hysteresis loop when Ta ∼320
◦C (figure 1(b))
and, for Ta ∼370
◦C, a rotation of the easy magnetiza-
tion axis is observed (figures 1(c)). At the highest tem-
perature used (Ta ∼420
◦C), the GPHE has completely
disappeared (figures 1(d)). This behavior clearly demon-
strated that this gradient annealing technique could work
FIG. 1: GPHE (Giant Planar Hall Effect [7]) at different
annealing conditions. (a) No annealing. (b) Annealing at
Ta ∼ 320
◦C for 30 s. (c) Annealing at Ta ∼ 370
◦C for 30 s
(d) Annealing at Ta ∼ 420
◦C for 30 s.
in principle.
The next step was to reproduce the same results with
a sample on which a thermal gradient had been created
along its length. We took a new piece, ∼8 mm long and
∼2.5 mm wide, of the same wafer and deposited equally
distanced InZn contacts starting from one of the short
edges and ending on the other. These contacts allowed
FIG. 2: Only in the region closest to the heat source (dis-
played in d), the temperature increase destroys the ferromag-
netism. The data displayed in (a)-(d) closely resemble those in
figures 1(a-d) thus, demonstrating that the annealing process,
in region far from the heat source, preserve the ferromagnetic
properties of the sample.
us to monitor the GPHE as a function of the distance
from the hottest point to the coolest, thus spatially prob-
ing the effect of increasing temperatures. We then placed
our sample in a vertical position and on a hot plate such
that one edge would be in thermal contact while the other
would be kept at a much lower temperature by the nitro-
3gen flow. The results are shown in figures 2(a-d). While
in the central region of the sample, the GPHE is visible
(figure 2(a)), moving towards the edge of the sample kept
in thermal contact with the hot plate, (figures 2(b-c)) the
shape of the hysteresis changes in a way that closely re-
sembles the curves displayed in figures 1(a-d). This com-
parison allows us to put an upper bound on the tempera-
ture in the center of the sample to roughly 270◦C. These
results clearly prove that our strategy is effective. This
is a very important result in itself because our method-
ology provides a way to make contact to a buried 2D gas
without destroying the ferromagnetic properties of the
sample and can, in principle, be used in other situations
where a similar control of the temperature is necessary.
MAGNETO-TRANSPORT MEASUREMENTS
To characterize our structure and to determine if our
annealing technique could work on a real sample, we
made ohmic contact, using pure In, to a cleaved piece of
our crystal. We, then, lithographically defined a Hall bar
with a 150 µm wide channel in the center of the sample.
The voltage probes were narrow, 10 µm in width, to min-
imize their perturbation on the current flow. Magneto-
transport measurements were carried out in the standard
Hall-effect configuration using a lock-in amplifier at 3.7
Hz and 10 nA excitation current.
At 4.2K, the sign of the Hall coefficient in figure 3(c)
and the gate voltage dependence of the carrier density in
figure 3(d) clearly indicated that our structure contains
n-type carriers. This was confirmed by comparing the
hall coefficient’s sign of this sample with the one of a sam-
ple with a known carrier type. This sample showed a car-
rier’s density n ∼ 1.08×1012cm−2 and, with a resistivity
per square of R ∼10kΩ, had a mobility µ ∼ 575cm
2/V s
(The density and mobility’s values are associated with
the carriers residing in the HJ as it is shown in the last
section of this letter). It should also be noticed that
imperfections in the geometry slightly affects the anti-
symmetric behavior of the Rxy at 4.2 K (above TC), as
it can be seen in figure 3(a). This effect is accentuated
when the sample is cooled below the Curie temperature.
To determine the carrier’s density we, first, removed the
magnetic field’s lag by subtracting the exponential time
dependence of the lag, and, then, we anti-symmetrized
to remove the symmetric component associated with the
imperfections in the geometry. Figures 3(a-b) show no
sign of ferro-magnetism at 4.2 K either when an in-plane
or perpendicular magnetic field was applied. To further
confirm that the carrier type was the electron, we evapo-
rated a metal gate of pure Au, 30 nm thick, and measured
the dependence of the carrier’s density as a function of
the applied voltage (figure 4). It is clearly visible that as
we apply a negative voltage, the density decreases while
it increases as the voltage is raised to positive values.
FIG. 3: No sign of hysteresis is present at T∼4.2K in both
(a) perpendicular magnetic field and (b) planar magnetic field
(Here the Hall pattern was defined only by chemical etching).
The arrows indicate the directionality of the field change. (c)
Carrier density of the 2DEG at T∼4.2K. (d) Sheet carrier’s
density vs gate voltage at 4.2K. Note the change in close near
∼0 V, indicating filling of the GaMnAs QW (see Section 4).
This is consistent with an n-type doping of the sample.
FIG. 4: GPHE (Hysteretic behaviour at T=0.3K. The direc-
tion of the applied magnetic field with respect to the excita-
tion current’s direction is indicated in the inset.
Note also the change in slope near Vg ∼0 V, indicating
the filling of the GaMnAs QW, (See section 4 for discus-
sion).
Subsequently, the sample was cooled below the Curie
temperature (∼1.7 K), and an in-plane magnetic field was
applied. Initially, no hysteretic behaviour was observable
in the Hall signal (black traces in figure 4). After apply-
ing a positive gate voltage of 500 mV to fill the GaMnAs
QW, a clear hysteretic loop appeared in the hall signal
(red traces in figure 4).
One possible interpretation for the presence of the hys-
4teretic loops in the hall signal could be the following.
When we first cool down the sample to below the Curie
temperature, all the electrons are sitting at the interface
between the 200 nm GaAs layer and the 100 nm AlGaAs
layer. This means that they are sitting ∼110 nm away
from where the magnetic impurities are and, therefore,
cannot interact. When we apply a positive gate voltage,
we manage to fill the quantum well (QW), and at that
point, the electrons’ wave functions can overlap with the
magnetic impurities and the magnetic interaction can ac-
tually happen. This interpretation seems to be confirmed
by the analysis we present in the following section.
DATA INTERPRETATION
It is essential to convincingly demonstrate that hys-
teretic behaviour is observable only when the GaMnAs
QW is filled with electrons. Figure 3(d) shows the change
of the electron density as a function of the applied gate
voltages. If we plot the same data separately, one for the
positive gate voltage and one for the negative ones (see
figure 5(a-b)), we can see that they present two differ-
ent slopes which give two different depths for the 2DEG.
When we apply positive gate voltages, the differential
capacitance indicates that the 2DEG sits at a depth of
∼ 52± 11 nm (figure 5(b)) which would be where the 10
nm undoped GaMnAs layer is, whereas for negative gate
voltages the 2DEG appears to be at a depth of ∼ 210±54
nm (figure 5(a)), corresponding more closely to the in-
terface between the 200 nm GaAs and 100 nm AlGaAs
layers.
FIG. 5: GPHE (Sheet carrier’s density vs the applied gate
voltage. The green lines represent the best fit which gives two
different depths for the 2DEG: (a) for negative gate voltages
d ∼ 210±54 nm and (b) for positive gate voltages d ∼ 52±11
nm. One (c) versus two (d) line segment fits.
To distinguish the scenarios of two versus one slope
through all data points, we rely on the statistical F-test,
which is useful for comparing two expressions belonging
to the same family of expressions but one with more fit-
ting parameters than the other. We fit to a curve con-
taining one line segment (figure 5(c)), and to a curve
containing two line segments (figure 5(d)), and we com-
pare the -squares of the two fits, using the F random
variable [8]:
F (n,m) =
(χ22slopes − χ
2
1slope)/χ
2
2slopes
(df2slopes − df1slope)/df2slopes
(1)
Here n = df2slopes − df1slope, m = df2slopes with df
representing the number of degree of freedom defined by
df = N −p , where N is the number of data points and p
the number of fitting parameters. To accept the two line-
segment while refusing the one line-segment model with
a confidence level exceeding 99%, F(n,m) must exceed
the criterion for an integrated probability of 99% in the
F(n,m) distribution with n and m degrees of freedom.
Our F-test indicates that the two line-segment model is
preferred with a confidence level ≥ 99.9%.
To further confirm that indeed we move electrons from
the heterojunction to the QW, we simulated our struc-
ture with a program that employs the method of finite
differences to produce a one-dimensional band diagram
together with the hole/electron density [9].
Figure 6(a) shows the simulated result of the un-gated
heterostructure. It can be seen that a triangular well
forms at the heterojunction with the presence of occupied
electron states below the Fermi level.
FIG. 6: GPHE ((a) Unbiased simulated band diagram of our
structure. (b) Simulated band diagram with a 400 mV bias
applied.
With an applied gate voltage of 0.4 V, we see that
the bottom of the QW sat below the Fermi level and
that quantized states are immediately occupied, see fig-
ure 6(b). All these observations seem to confirm our
original hypothesis: when the electrons get close enough
5to the Mn layer and their wave functions overlap with
the magnetic impurities’ ones, a ferromagnetic interac-
tion mediated by the electrons present in the QW is re-
alized.
To conclude we can state that we have successfully de-
veloped a novel technique that allows us to make ohmic
contact to a buried 2D gas in a DMS without destroying
the ferromagnetic properties of the sample. This tech-
nique has been proven to have a very high yield and
work also when higher temperatures are needed to make
Ohmic contact. We have also shown that the crystal has
two parallel channels for conduction: the heterojunction
sitting ∼140 nm below the sample’s surface and the QW
sitting ∼40 nm below the sample’s surface. The presence
of these two conduction channels affects our ability to
precisely determine the electron’s density thus introduc-
ing a significant uncertainty on our density’s value. How-
ever, the dependence of the carrier’s density on the ap-
plied gate voltage allows us to estimate this error. Since
the capacitance measurement, in figure 2, shows that the
2DEG sits at a depth of about 52±11 nm, closely match-
ing the position of the QW (∼40 nm), we can argue
that the density’s value measured at zero gate voltage
is within 50%, at most, of the real value.
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